The 2,760-base-pair (bp) PstI-EcoRI segment of the chromosome of Pseudomonas aeruginosa PA103 which carries the exotoxin A structural gene was expressed from an internal promoter when cloned in a pUC9 derivative and transformed into a nontoxigenic mutant ofP. aeruginosa PAO1. (9, 20) . In contrast, when the cloned gene was transformed into MAM4, a recA, nontoxigenic mutant of P. aeruginosa PA01, we found that exotoxin was synthesized and secreted into the culture supernatant (8). This expression was shown to be due to a single transcript initiated 88 base pairs (bp) upstream of the initiating codon (Fig. 1) . Moreover, when iron was present in excess of 0.1 mM, which inhibits the expression of exotoxin A in P. aeruginosa (4), we detected no transcription (8). In the sequence of 80 or more nucleotides upstream of the initiation site, no homology of the E. coli co70 promoter consensus sequence (11) could be found (Fig. 2) , even though it is known that other Pseudomonas genes, such as that for P-lactamase, are transcribed from promoters whose sequences closely resemble the E. coli consensus sequence (7).
We and others have reported that expression of the Pseudomonas aeruginosa exotoxin A (toxA) structural gene in Escherichia coli requires the presence of an external upstream promoter (9, 20) . In contrast, when the cloned gene was transformed into MAM4, a recA, nontoxigenic mutant of P. aeruginosa PA01, we found that exotoxin was synthesized and secreted into the culture supernatant (8) . This expression was shown to be due to a single transcript initiated 88 base pairs (bp) upstream of the initiating codon ( Fig. 1) . Moreover, when iron was present in excess of 0.1 mM, which inhibits the expression of exotoxin A in P. aeruginosa (4), we detected no transcription (8) . In the sequence of 80 or more nucleotides upstream of the initiation site, no homology of the E. coli co70 promoter consensus sequence (11) could be found (Fig. 2) , even though it is known that other Pseudomonas genes, such as that for P-lactamase, are transcribed from promoters whose sequences closely resemble the E. coli consensus sequence (7) .
Other experiments (12, 23) have established that the product of a second gene, termed toxR, is required for expression of toxA and that, like toxA, transcription of toxR is inhibited by iron (13) . Thus, a simple model for the regulation of toxA would be that its transcription requires the binding of the positive activator toxR product, and it is therefore indirectly regulated by iron through the repression of toxR transcription.
One of the goals of this research is to identify the nucleotide sequences required for exotoxin A expression in P. aeruginosa and to further clarify its regulation by iron by the construction and characterization of "linker-scanning" mutants (19) .
(A preliminary report of this work has appeared [M.-L. Bacterial strains and plasmids. Escherichia coli strains HB101 (hsdS20 recA13 ara-14 proA2 lacYJ galK2 rpsL20 xyl-5 mtl-l supE44 A-F- [6] ) and AA102 [recA pro thi supE endA hsdRk A(gal-chlD-pgl-attX)] (1) and MAM4, a recA102 met-28 toxA mutant of Pseudomonas aeruginosa PAO1 (8, 20) were used as hosts for the construction and expression of the cloned exotoxin A gene segment. MAM4 was isolated by nitrosoguanidine treatment from PA0286, a met trp derivative of the genetic progenitor strain PAO1. It was concluded to have a mutation in or near the toxA structural gene by linkage mapping and its ability to be complemented by pRC362 (8) .
The vector pRC357 was constructed from pUC9 (22) by insertion of a 1.85-kilobase (kb) PstI segment from pRO1614, which permits replication in Pseudomonas hosts (21) , and subsequent deletion of the PstI site distal to the multiple cloning site of pUC9 (8) Methods. Large-scale preparation of plasmid DNA was done as described by Birnboim and Doly (3). Isolation of plasmid DNA from transformant clones for screening procedures was done by the alkaline method (17) . Restriction enzyme cleavage, ligation, and transformation of E. coli HB101 and P. aeruginosa MAM4 were carried out as described previously (20) . E. coli AA102 was used for transformation of ligated DNA, essentially by the method of Hanahan (10) . The recessed 3' ends of double-stranded DNA were filled in by the Klenow fragment of E. coli DNA polymerase I as described before (17) . PvuI sites were converted to EcoRI sites with the hexamer TCGAAT (Pharmacia), based on the technique of Barany (2) . BaIl3 digestion followed the procedure described before (17) Exotoxin A synthesis and secretion were detected by using the Elek immunodiffusion test (5) for the rapid screening of clones grown on TSBD agar. A radioimmunoassay (12) was used for more quantitative measurements of exotoxin A in supernatants of MAM4 cultures after growth at 32°C in deferrated TSBD for 20 h. Dilutions of a purified exotoxin A preparation used as a standard showed a linear response from a minimum detection level of 4 ng/ml up to 500 ng/ml. In both methods, radiolabeled anti-exotoxin A immunoglobulin G prepared from rabbits was used (8, 20) . Since exotoxin A is normally secreted by MAM4 strains which carry plasmids incorporating the structural toxA gene (8) , we assumed that lack of exotoxin in the supernatants or growth medium of this host strain was due to its lack of synthesis. Western-immunoblot analysis of supernatants and cell-associated fractions showed that at least 90% of the immunologically cross-reacting material was (Fig. 1) . Two other deletion mutants were then chosen in which the deletions had been previously defined by DNA sequence analysis (18) an EcoRI linker sequence at the identical location. The PstI-EcoRI segment of the 3' deletion and the EcoRI-KpnI segment of the 5' deletion were separated by PAGE on a 5% polyacrylamide gel, excised, and electroeluted (Fig. 1) . In each construct, the large (6.2-kb) PstI-KpnI vector segment of pRC362AE, similarly separated from a 0.6% ultrapure agarose gel, was added to the two segments and ligated, and the ligation mixture was transformed directly into E. c(li HB101. The plasmid DNA from several Cbr clones was isolated and screened for size by Pstl-BamHI cleavage (765 bp) and by PvuI-BamHI cleavage (214 bp). The nucleotide sequence of about 40 bp in each direction from the introduced EcoRI site was then established by the MaxamGilbert technique for each construct to accurately locate the linker substitutions, as shown in Fig. 2 .
In 10 of the constructs, the GGAATTCC sequence was substituted for an equivalent 8-bp sequence in the 72-bp control region. In three mutants it replaced seven bases (in LS-13 and LS-15) or nine bases (in LS-16), and in three other mutants, reiterations of part of the GGAATTCC sequence were substituted for an equivalent number of bases (in LS-3 and LS-5) or for a smaller number of bases (in LS-14) (Fig.  2) . Plasmid DNA from E. coli clones carrying these mutants was then transformed into P. aer-uginosa MAM4 to assay for exotoxin A. Toxin expression of the 16 linker-substitution mutants was measured by radioimmunoassays of the supernatant of the MAM4 host carrying the plasmid, grown either in the presence or absence of iron, and were quantitated by using a pure exotoxin A standard. In low-iron medium, the supernatants from MAM4(pRC362), assayed following a 1:200 dilution, were found to contain 6.0 + 1.0 pLg of exotoxin A per OD600 unit, whereas those from poorly expressing mutants, e.g., MAM4(pRC362LS-1), contained only 0.16 ± 0.05 [sg/OD600 unit. The amounts of exotoxin A relative to that synthesized by pRC362 in low-iron medium are shown in Fig. 2 . The nucleotide sequences of the region 5' to the transcription initiation site of the mutants constructed and the level of their expression in the Pseudomonas host MAM4 shown in Fig. 2 are summarized in Fig. 3 . In only four regions (in LS-1, -2, -3, and -12) of the sequence upstream of the transcriptional initiation site did the substitution of a linker for an equivalent number of nucleotides result in more than a twofold change of expression, and in all of these, a decrease to 5% or less of the control level resulted.
DISCUSSION
Comparisons between the initial and substituted nucleotide sequences upstream of the toxA gene (Fig. 2) show that one or more nucleotides in the -74 to -54 sequence are essential for normal expression (LS-1, -2, and -3), as are other nucleotides in the -9 to -2 sequence (LS-12). How (Fig. 3) .
We earlier concluded that the 72-bp sequence upstream of Pex is adequate and sufficient to define the expression of exotoxin A. It seems reasonable to propose that the sequences centered at nucleotides -41 and -6 are involved in the binding of an RNA polymerase, in which case the nucleotides between -72 and -54 appear to be necessary for the binding of an accessory transcriptional factor. That a single accessory-binding site is present in this region may be inferred from the fact that insertion of a single nucleotide within this region (in LS-13) severely reduced expression. Moreover, the distance between the -72 to -54 region and the -41 region is also critical, as deduced from the effects of inserting four nucleotides (compare LS-5 with LS-14), from which it may be proposed that the binding of the accessory factor at the -72 to -54 region may permit its interaction with the RNA polymerase molecule which binds at the -45 to -2 region.
Substitution of nucleotides between -45 and -38 (in LS-5, -6, or -7) produced smaller (limited to approximately twofold) differences in expression, in contrast to the changes of nucleotides -37 to -10 (in LS-8, -9, -10, and -11), where differences in expression from that produced by the wildtype sequence did not exceed the standard error. It is proposed that the binding of an activator molecule at the -72 to -54 region may be required for the subsequent binding of an RNA polymerase at the -45 to -38 and the -9 to -2 regions. It might then be suggested that the sequehce at the -45 to -38 region proximal to the activator-binding site would be of less importance to the stability of RNA polymerase binding (or open complex formation) and can lead only to twofold up or down differences, whereas binding at the -9 to -2 site distal to the activator-binding site is critical, so that 30-fold reductions in expression result from substitutions in this region.
The identification of a region necessary for binding a factor in addition to RNA polymerase which is required for transcription is consistent with the findings of Galloway and colleagues (12, 23) , who concluded that a positive activator gene, toxR, was required for the efficient expression of exotoxin A. The -72 to -54 region identified here may be the binding site for this activator gene product. It may be noteworthy that this site includes a direct repeat of the sequence AATCC at -71 to -67 and -58 to -54. However, the direct repeat, CTCCCCGC, located at -35 to -28 and -23 to -16, suggested by Wozniak et al. (23) to be the binding site for the toxR product, does not in fact appear to be involved in the regulation of exotoxin A expression, since any of the nucleotides in the direct repeat (except for that at -22, which Was not changed) can be substituted with little effect (less than twofold) on expression.
